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This paper analyses the River Girona (Spain) flash flood, occurred the 12th of October 23 
2007, combining hydrological and hydraulic modeling with geomorphologic mapping 24 
and post-flood survey information. This research aims to reproduce the flood event in 25 
order to understand and decipher the flood processes and dynamics on a system of 26 
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overlapped prograding alluvial fans. The hydrological model TETIS was used to 27 
characterize the shape and dimension of the October 2007 River Girona hydrograph. 28 
Subsequently, the flood event was reproduced using the free surface flow module of the 29 
model RiverFlow2D. The combination of hydrological and hydraulic models was 30 
validated using post-flood surveys defining maximum flooded area and flood depths. 31 
Then, simulations with different peak discharges were carried out to estimate the hydro-32 
geomorphologic response of the Girona River floodplain, through the identifcation of 33 
the activation thresholds in different geomorphic elements.  34 
 35 
Results showed that the unit peak discharge of the October 2007 flood event was among 36 
the largest ever recorded in the area, according to the existing l terature. Likewise, the 37 
hydraulic model showed a good performance (FitA = 76 %, RMSE = 0.65 m and NSE = 38 
0.6), despite the complexity of the case, an ephemeral and ungauged river. The model 39 
simulation revealed the existence of a geo-chronological activation pattern of 40 
palaeochannels and alluvial fans, which was altered by the pres nce of a tectonic 41 
depression and bridges construction.  42 
 43 
This multidisciplinary approach proved to be a useful strategy for understanding flash 44 
flood processes in ungauged catchments. It allowed understanding the mechanisms 45 
governing floods in alluvial fans systems and it represented a solid contribution for 46 
early warning plans and risk mitigation policies. 47 
 48 
 49 
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1. Introduction 54 
 55 
Flash floods are a recurrent cause of damages and fatalities. According to Barredo 56 
(2007), 40% of the flood-related casualties occurred in Europe in the period 1950–2006 57 
are due to this type of flood events, which take place in different geographical scenarios 58 
(Gaume et al., 2009; Marchi et al., 2010; Borga and Morin, 2014; Llasat et al., 2014). 59 
However, they are particularly frequent and relevant in ungauged ephemeral streams in 60 
arid and semiarid zones (House and Baker, 2001; Yatheendradas et al., 2008).These 61 
events are a consequence of intense rainfall and sudden runoff geeration. The flash 62 
flood hydrographs have steep rising limbs, sharp peaks and large tr nsmission losses 63 
(Nanson et al., 2002). The runoff coefficient has a high variability (Camarasa and 64 
Segura, 2001; Braud et. al., 2010) depending on basin lithology, soil characteristics and 65 
antecedent soil moisture.  66 
 67 
In the Western Mediterranean region, flash floods usually occur in spring and autumn, 68 
when intense, heavy and irregularly distributed rain takes place (Segura, 1990; 69 
Camarasa and Segura, 2001; Barredo, 2007; Gaume et al. 2009). The particular 70 
conformation of the Mediterranean basin, with high mountain r nges close to the sea, 71 
steep slopes, sparse vegetation, thin soils and permeable rock, nhances the magnitude 72 
of these natural events. Alluvial fan coastal systems, such as the Girona River 73 
floodplain (eastern Spain), introduce a major complexity on flooding processes and risk 74 
management (Segura, 2003; Santangelo et al., 2012), because of the uncertainty derived 75 




The impact of flash floods in this region is increased by the intense human use of the 78 
narrow Mediterranean coastal plains. These areas, densely populated, concentrate the 79 
most part of the urban developments, infrastructures and economic activity of the 80 
region. The absence of sound territorial planning in these vulnerable areas usually 81 
worsens the consequences of flash floods (Barrera et al., 2006; Lara et al., 2010; 82 
Camarasa-Belmonte and Soriano-García, 2012). For these reasons, improving the 83 
knowledge on these phenomena is a critical factor in developing resilient adaptation 84 
strategies (Creutin et al., 2013). 85 
 86 
Despite the fact that there are numerous studies on flash floods, event comprehension 87 
and flood risk management are not easy tasks. In the last decade, numerous hydrological 88 
(Pilgrim et al., 1988; Vélez and Francés, 2005; Braud et al. 2010) and hydraulic models 89 
(Hall et al., 2005; Bates et al., 2006; Pappenberger et al., 2005 and 2007; Schuman et al. 90 
2009; Di Baldassare et al. 2009; Murillo and García-Navarro, 2010; Lacasta et al., 91 
2014) have been developed to simulate flood hydrographs and flooded areas. However, 92 
the specific space-time scales of flash flood events, the lack or scarcity of rainfall and 93 
stream flow data, and the short lag time are a cause of high uncertainty. In order to 94 
overcome these difficulties, flash flood modeling requires an integrated approach that 95 
includes, besides the hydrological and hydraulic models, information such as hydro-96 
geomorphic mapping and post-flood surveys (Borga, et al. 2011; Gaume and Borga, 97 
2008; Marchi et al. 2010) so as to incorporate qualitative information to achieve a better 98 




This study analyses the River Girona flash flood, occurred th  12th of October 2007. 101 
This event caused one casualty and material damages to 1.000 buildings, 1.500 vehicles 102 
and numerous infrastructures. Rainfall parameters were exceptional, in terms of 103 
intensity and accumulated precipitation. In some locations, more than 400 mm 104 
accumulated rainfall was registered in 48 hours. The fact th t this flash-flood has been 105 
well documented (Segura, 2009; Pastor et al., 2010) and the development of 106 
geomorphologic works bring us some new approaches in order to test hydrological and 107 
hydraulic models, considering post-flood surveys and hydro-geomorphic mapping in 108 
order to validate the hydrologic and hydraulic models used to simulate the event. 109 
 110 
Our study has four major objectives: i) to implement a hydrological and a hydraulic 111 
model in order to reproduce the October 2007 flash flood, ii) to validate the models 112 
through the comparison between model results and post-flood survey levels 113 
information, iii) to understand and decipher the flooding processes in alluvial fans 114 
systems using geomorphologic mapping, and in addition, iv) to provide information to 115 
improve flood risk management. 116 
 117 
 118 
2. Study site 119 
 120 
2.1. The Girona River basin 121 
 122 
The Girona River basin is located in the Eastern part of the Iberian Peninsula, within the 123 
administrative territory of the Province of Alicante (Spain). The river flows through the 124 
Baetic Cordillera from west to east, along 32 km. The basin rea at the river mouth into 125 
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the Mediterranean Sea is 117.7 km2. The catchment encompasses various calcareous 126 
mountains with a SW-NE orientation, separated by several corridors covered by 127 
Miocene marls (Figure 1). The river is semi-ephemeral, and presents high transmission 128 
losses, combining dry, intermittent and wet reaches.  129 
 130 
The Girona River sources are located at 1300 m above the sea lvel. The river crosses 131 
the Ebo Valley, a graben filled with tertiary marls, and downstream it flows through the 132 
Laguar Valley, a deep calcareous canyon cut across Secondary deposits. This canyon 133 
was used in 1945 to construct the Isbert Reservoir (capacity 1 Mm3), now partially 134 
silted and abandoned. Downstream, at the Retoria Valley, the alluvial plain starts to 135 
widen. Two ephemeral tributaries (Bolata and Trullencs) cross thi  valley, parallel to the 136 
Girona River. After crossing the town of Beniarbeig, the rivr built a large floodplain, 137 
through the superposition of a complex sequence of alluvial fans made of Pleistocene 138 
and Holocene deposits. Two ravines, Portelles and Alberca, also contributed to fill this 139 
alluvial plain. To the north, the floodplain is flanked by the Segària Mountains, formed 140 
by highly karstified Secondary limestone. To the south, various Tertiary hills close the 141 
river floodplain (Vegas et al., 1975). The river flows into the Mediterranean at the 142 
Almadrava cape. This floodplain has been largely urbanized during the last four 143 
decades. The historical villages grew over the fans, terrac s nd point-bars, whereas 144 
touristic residences were massively built on the coastal are . As a result of this, flood 145 
vulnerability has enormously increased.  146 
 147 
The climate in the area is Mediterranean. Mean annual rainfall is between 600 and 900 148 
mm, with a maximum in autumn and a secondary peak in spring. Rainfall intensity in 149 
this area is the highest of the Iberian Peninsula (Martin-Vide, 2004) and the maximum 150 
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accumulated rainfall in 24 hours is close to 1000 mm at some obs rvatories 151 
neighbouring the Girona River (Armengot, 1994). Consequently, flash floods are 152 
frequent, particularly in October. 153 
 154 
 155 
2.2. The October 2007 flood 156 
 157 
The synoptic frame of the meteorological situation leading to the torrential rains of 11–158 
12 October 2007 in the Valencia region was characterized by two phenomena: i) an 159 
easterly maritime wind advection across the Western Mediterranean, lasting for at least 160 
48 hours, and ii) the presence of an upper-level isolated low over the Eastern Iberian 161 
Peninsula. The arrival of a moist air mass over the Valencia Region, and the presence of 162 
a cold pool aloft, caused torrential rainfall. The event was extensively described at the 163 
regional scale by Pastor et al. (2010).  164 
 165 
The intense rainfall generated a flash flood, which affected th  villages of Beniarbeig, 166 
El Verger and Els Poblets, and also the coastal urban area. At Beniarbeig, the CV-732 167 
Bridge was destroyed. At El Verger, the flood was 2.4 m depth in some houses located 168 
on the river bank, and the river flow demolished a house and kille a woman. Most of 169 
the urban area of Els Poblets was also affected by the overbank flow. 170 
 171 
According to Segura (2009), who analyzed 12 observatories belonging to the Automatic 172 
Hydrological Information System (AHIS) of the Jucar Basin Authority (JBA), rainfall 173 
varied between 250 and 420 mm. The highest intensities (> 150 mm/h) were recorded 174 
between 10:00 and 12:00 AM (12th October), particularly in the middle and upper basin 175 
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areas (Figures 2, 3a and 3b). Considering a mean catchment rainfall value of 343 mm, 176 
total rainfall was 35.2 Mm3. Rainfall progressively increased from the coastline to the 177 
inland areas. The highest rainfall values were recorded within the mountain areas (420 178 
mm), whereas in the coastal plain precipitation was betwe n 250 and 300 mm. 179 
 180 
The flood was generated in the headwaters area, and progressed towards the coastal 181 
area, supplied by the upper and middle basin tributaries. However, the low basin 182 
tributaries, such as Segària Mountains ravines, did not have relevant flow (Segura, 183 
2009).    184 
 185 
 186 
3. Materials and methods 187 
 188 
This study combined hydrological and hydraulic modeling with geomorphology and 189 
post-flood survey in order to reproduce a particular flooding event and understand and 190 
decipher the flooding processes using geomorphologic mapping. First, the hydrological 191 
model TETIS (Francés et al., 2007) was used to estimate a rnge of possible 192 
hydrographs that represent the flood event of October 2007. Then, the range of 193 
hydrographs was simulated using free surface flow module of the model RiverFlow2D 194 
(Murillo and García-Navarro, 2010; Lacasta et al., 2014). The results were then 195 
validated using geomorphology and post-flood survey information to select the 196 
hydrograph that shows the best agreement between simulated and observed information. 197 
Finally, this combination of hydrological and hydraulic modeling and geomorphology 198 




3.1. Hydrological modeling 201 
 202 
The flash flood of October 2007 was reconstructed by means of the hydrological model 203 
TETIS (Francés et al., 2007), a distributed conceptual hydrological model widely used 204 
in Spain and other countries (e.g. Bussi et al., 2012; Vélez et al., 2009). In this model, 205 
the main components of the hydrological cycle are represented by means of tanks. The 206 
TETIS model has a specific split-structure of the parameters (Francés et al., 2007) 207 
which allows its calibration without altering the spatial struc ure of the parameter maps. 208 
The model calibration can be carried out by adjusting up to nine corr ction factors, 209 
which multiply each a corresponding parameter map. 210 
 211 
The Digital Elevation Model (5x5m resolution) was downloaded from the Spanish 212 
National Cartographic Centre (www.cnig.es). Nevertheless, the resolution of soil, 213 
geological and land use maps was larger. Therefore, the modelers’ expertise and 214 
previous modeling work with the TETIS model led to increase the mesh size and 215 
resample the digital elevation model to 100x100 m as a compromise betw en model 216 
accuracy, resolution of the available information and computational time. The land-use 217 
map was obtained from the Corine Land Cover 2006 dataset, from the European 218 
Environment Agency (2007), while soil characteristic information was retrieved from 219 
local soil surveys and soil profiles. Geological maps were also used, obtained from the 220 
1:50,000 geological maps of the Spanish Geological Institute. The soil retention 221 
capacity was computed as the difference between the soil water content at saturation 222 
and at the wilting point. These soil properties, as well as the soil infiltration capacity, 223 
were calculated depending on soil texture, organic content, soil structure and salinity 224 
according to Saxton and Rawls (2006)pedotransfer functions. The deep soil percolation 225 
10 
 
capacity was estimated based on literature values for the geological formations found in 226 
this catchment, depending on their lithology, degree of fracturing and macroporosity. 227 
 228 
The rainfall of seven rain gauges within and surrounding the Girona River catchment 229 
(Gallinera, Isbert, Carrasca, Alcalalí, Guadalest, Algar and Azud de Mandem), with 5-230 
minutes series, managed by the Jucar River Basin Authority (Confederación 231 
Hidrográfica del Júcar, CHJ) was used (Figure 2). The rainfall aggregation and 232 
interpolation was shown to be highly relevant in flash flood respon e and modeling 233 
(Borga et al., 2007; Anquetin et al., 2010; Nikolopoulos et al. 2011). In this study, the 234 
rain gauge station records were interpolated with a kriging technique, on a 1x1 km mesh 235 
and with a temporal resolution of 10 minutes. The spatial variations of the temperature 236 
were taken into account by assigning a value to each cell of the 100x100 m mesh 237 
depending on their distance from the meteorological stations, employing the Thiessen 238 
polygons methodology. No reliable water discharge records were available for the 239 
Girona River catchment. For this reason, a nearby similar catchment was used to 240 
implement the model: the Guadalest reservoir (54.34 km2 drainage basin area). The 241 
TETIS model was calibrated for the October 2007 event (the event to be reconstructed), 242 
by adjusting its model parameters, and validated for three other rainfall events (April 243 
2003, October 2008 and September 2009) for the same station.  244 
 245 
No evapotranspiration data was available for this study. This is a key variable in flash 246 
flood modeling (Braud et al., 2010; Vannier et al., 2013) because it determines the 247 
wetness of the catchment soils at the beginning of the flood. The soil characteristics and 248 
their relationships with soil saturation dynamics are acknowledged to be a key issue in 249 
the formation of flash floods in several studies (Braud et al., 2014, 2010; Nikolopoulos 250 
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et al., 2011; Norbiato et al., 2008). For these reasons, and given the lack of precise 251 
evapotranspiration data, we decide to implement the model at theevent scale. This 252 
means that the initial values of the model state variables cannot be initialized by means 253 
of a warm-up simulation and must be calibrated along with the model parameters. In 254 
particular, the initial value of the soil static storage, which is a model state variable 255 
related to soil wetness, is a key variable for flash flood modeling, and must be calibrated 256 
carefully. The initial soil storage of the calibration event (October 2007) and validation 257 
events (April 2003, October 2008 and September 2009) was adjusted along with the 258 
model parameters in order to reproduce the observed hydrograph at the Guadalest 259 
reservoir.  260 
 261 
The model calibrated and validated at the Guadalest catchment was used to reproduce 262 
the October 2007 hydrograph of the Girona River upstream of the flood plain (indicated 263 
as the hydraulic model area in Figure 1). This was done by running the TETIS model 264 
for the Girona River catchment with the parameterization obtained from the Guadalest 265 
catchment. This process of extrapolation from a gauged catchment to a  ungauged one 266 
is widely used in distributed hydrological modeling (Vélez et al., 2009), and it is known 267 
to amplify the uncertainty of the model result. For this reason, we used the extrapolated 268 
model results to obtain only the hydrograph shape, while the actual magnitude of the 269 
Girona River hydrograph was obtained by calibrating the initial soil storage and using 270 
post-flood information as a reference. In particular, the initial soil storage was modified 271 
within a reasonable range in order to obtain a set of hydrographs with the same shape 272 
but different peak flows and volumes, which were used as boundary condition for a 273 
flood model. A flood simulation was run with each of these hydrographs, the resulting 274 
water depth maps were compared with post-flood information similarly to what was 275 
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done by Braud et al. (2010), and the simulation providing the best fit was selected. This 276 
was done by comparing visually the observed and simulated flood zone. The final 277 
October 2007 reconstructed hydrograph was the one returning the best fit tween 278 
observed and simulated inundation map and flood depths.  279 
 280 
3.2. Hydraulic modeling 281 
 282 
The set of hydrographs produced by the hydrological model were used as inlet 283 
discharge to simulate the flooding event at the floodplain of the Girona River (Figure 1). 284 
To that end, the free surface flow module of the model RiverFlow2D (Murillo and 285 
García-Navarro, 2010; Lacasta et al., 2014) was used. 286 
 287 
3.2.1. Hydraulic model 288 
 289 
The 2D Shallow Water Equations, which express the water volume and momentum 290 
conservation in x and y directions, were used in this work (Eq. 1): 291 
 292 
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Where h is the water depth, (u, v) are x and y averaged velocity components 295 
respectively, z is the bottom level and the friction losses are written in terms of 296 
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 300 
In order to solve the system of equations, an upwind cell-centered finite volume model 301 
was applied (Toro, 2001, Murillo and García-Navarro, 2010).The domain was 302 
discretized into triangular cells and, assuming a piece wis representation of the 303 
variables, an explicit first order Godunov method based on Roe’s approach was 304 
considered (Roe, 1981, Murillo and García-Navarro, 2010) (Eq. 3):  305 
 306 
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 308 
where U= (h, hu, hv) is the vector of conserved variables, NE indicates the number of 309 
edges in cell i, lk is the length of each edge k, λ and ẽ are the eigenvalues and 310 
eigenvectors of the Jacobian matrix, respectively, and γ accounts for the linearized 311 
fluxes and source terms expressed compactly (Morales-Hernández et al. 2013). 312 
Moreover the numerical method was implemented in GPU architectures in order to 313 
accelerate the computations. More information can be found in Lacasta et al. (2014). 314 
 315 
3.2.2. Topography 316 
 317 
A Digital Terrain Model (DTM) of 1x1 m resolution derived from LiDAR (Light 318 
Detection and Ranging) data was used as base information to perform the final domain 319 
discretization. LiDAR data was collected in 2009 by the PNOA (The National Plan of 320 
Aerial Ortophotogrammetry, Government of Spain), using an Optech ALS50-II sensor, 321 
with a minimum laser pulse rate frequency of 45 kHz, a field of view angle of 50º and a 322 
scan rate of 70 Hz. The final density ranged between 0.5 (most of the area) and 2 323 
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points/m2(flight overlapping). Reported vertical and planimetric (X,Y) errors were 324 
lower than 40 and 36 cm, respectively. Then, a Digital Elevation Model (DEM)was 325 
performed using ground returns in Fusion software v3.30 (McGaughey, 2009). 326 
Likewise, a building map was carried out using the building returns in Fusion software 327 
v3.30 (McGaughey, 2009). Both models were combined to perform the DTM. 328 
 329 
However, the following modifications of the DTM were carried out in order to represent 330 
accurately the simulated domain: i) as the LiDAR does not repres nt the terrain behind 331 
the bridges, this task was carried out manually using the nearest neighbour interpolation 332 
of ArcGis9.3 software (ESRI, Redlands CA); ii) some buildings were removed from the 333 
building map as they did not exist in 2007; iii) agricultural walls nd irrigation 334 
infrastructures were also modified in order to represent the terrain of 2007. Besides, 335 
some of them were not accurately reproduced by LiDAR data, and were manually 336 
introduced; and iv) riverbanks, gravel bars and ripraps were also modified according to 337 
the topography of 2007. Finally the modified DTM is discretized to perform an 338 
unstructured triangular mesh with 1,858,396 cells.  339 
 340 
The roughness of the domain was defined depending on the land use, which was 341 
obtained from the Corine map (European Environment Agency, 2007).The Manning 342 
roughness coefficient was assigned to each habitat according to the recommendations 343 
found in the specialized bibliography (i.e. Chow, 1959; Acrement and Schenider, 1990; 344 




The inlet boundary condition is the hydrograph derived from the hydrological model. 347 
On the contrary, the only outlet boundary condition is that of the sea level, which was 348 
established following the tidal levels suggested by GIOC (2001). 349 
 350 
 351 
3.3. Geomorphology and post-flood surveys 352 
 353 
3.3.1. Geomorphologic works.  354 
 355 
A geomorphologic survey of the study area was developed in order t  assess and 356 
validate flood processes. This task was based on field reconnaissa ce along the river 357 
and throughout the whole Girona floodplain. Panchromatic black-and-white aerial 358 
photographs dating from 1946 and 1956 (Ministry of Defense, CECAF) were us d to 359 
identify forms recently transformed by the urbanization processes. Th  photographs 360 
were scanned at a resolution of 400 dpi to obtain average pixel dim nsions of 1 m and 361 
1.15 m respectively, and they were georeferenced to orthophotos using ArcGIS TM 362 
version 9.3 (ESRI, Redlands, CA, 2009). The LiDAR-based DEM performed for 363 
hydraulic modeling was also used for geomorphologic analysis.   364 
 365 
3.3.2. Flooded area  366 
 367 
The mapping of the flooded area was obtained from two different sources. First, some 368 
days after the flood, the external edge of the flooded area was surveyed using GPS. 369 
These data were exported to .shp format to be processed with ArcGIS TM version 9.3 370 
(ESRI, Redlands, CA, 2009). This information was compared with a map composed by 371 
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the Plataforma Ciutadana Riu Girona (PCRG) association. This organization was 372 
created by some citizens affected by the October 2007 flood, in rder to promote 373 
research on this river basin and to prevent future floods. The PRG collected information 374 
from both local administrations and witnesses to map the evolution of the flood, which 375 
was simulated through a video (PCRG, 2009, https://vimeo.com/5487707). Some small 376 
discrepancies were found between the GPS mapping and the PCRG video-mapping. 377 
Part of them was solved after visiting the area and consulti g some members of the 378 
PCRG and other interviewed witnesses. Finally, the flooded ara between Beniarbeig 379 
and El Verger was selected for validation, because it did not present significant 380 
discrepancies between the two sources and reproduced with the highest precision the 381 
flooding event (Figure 4).  382 
 383 
3.3.3. Maximum flood depths.  384 
 385 
The day after the flood, some technicians from the municipality of El Verger visited all 386 
the buildings affected by the flood, in order to produce an assessment to be used to 387 
calculate economic compensations for damages. Flood levels recorded by this report 388 
were compared with flood marks observed in pictures taken by the authors or included 389 
in the report, in order to correct some over-dimensioned records. A total of 64 points 390 
with a register of the maximum flood depth were used to validate the performance of 391 
the hydrological and the hydraulic model. These data are limited to the town of El 392 
Verger, which represents only a small fraction of the total flooded area (Figure 4). 393 
 394 




The results of the hydrological and hydraulic model was validated using the post-flood 397 
surveys: maximum flooded area and flood depth. The observed maximum flood 398 
extension was compared to the estimated one following Bates and De Roo (2000) 399 
criteria, in which where the accuracy of the calculated flood extent versus the observed 400 




Where FITA is a goodness-of-fit index, and FAobs and FAmod are the observed and 405 
modelled flooded areas respectively. The observed and simulated m ximum flood 406 
depths at the 64 points of El Verger are compared using the following goodness-of-fit 407 
indexes: Root Mean Square Error (RMSE) and Nash and Sutcliffe Efficiency - NSE 408 
(Nash and Sutcliffe, 1970). 409 
 410 
3.5. Hydro-geomorphologic response to model simulations 411 
 412 
Simulations varying flow conditions, with peak flows ranging from 200 m3 s-1 to 900 m3 413 
s-1 with intervals of 100 m3 s-1 were carried out to estimate the hydro-geomorphologic 414 
response of the Girona River floodplain. The aim of these simulations was to identify 415 
the threshold of activation for different geomorphic elements: alluvial fans, inter-fan 416 
depressions, palaeochannels and tectonic depressions, and to analyse the flood risk (and 417 




4. Results 420 
 421 
4.1. Hydrological modeling 422 
 423 
The hydrological model TETIS was calibrated at the Guadalest R ervoir flow gauge, 424 
by comparing the predicted and the observed water discharge. As explained in the 425 
methodology section, given that the model was implemented at the event scale, the 426 
initial state of soil moisture was unknown and was also calibrated. The results are 427 
shown in Figure 5. The model provided a NSE of 0.88 (Francés et al. 2011). The model 428 
was temporally validated on different events, showing NSE of 0.88, 0.92 and 0.91 for 429 
the April 2003, October 2008 and September 2009 events respectively, providing 430 
satisfactory results. More information about the TETIS model imp ementation can be 431 
found in Francés et al. (2011), CHJ (2012) and Bussi et al. (2012).  432 
 433 
The October 2007 hydrograph of the Girona River was reconstructed sing TETIS. A 434 
set of 26 hydrographs was generated (Figure 6) varying the initial soil storage from 35% 435 
to 60%, and it was used as the input of the flood model. 436 
 437 
Table 1 – Characteristics of the reconstructed flood event (October 2007) for the Girona 438 
River catchment, following the results of the hydrological model. 439 
 440 
Total precipitation – catchment average (mm) 343 
Max rainfall intensity – catchment average (mm h-1) 69.5 
Total rainfall volume (catchment) at the hydraulic model inflow section (Mm3) 35.2 
Total hydrograph volume (Mm3) 11.2 
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Proportion of overland flow to total rainfall (%) 15.5 
Proportion of interflow to total rainfall (%) 16.7 
Maximum discharge (m3 s-1) 515 
Unit discharge (m3 s-1 km-2) 0.58 
Unit peak discharge (m3 s-1 km-2) 5.0 
Runoff coefficient (%) 31.9 
 441 
The observed precipitation series showed two rainfall peaks. The first occurred between 442 
10:00 and 10:45, with maximum intensity over 100 mm h-1 in the headwaters (Ebo 443 
Valley). The second took place between 11:15 and 11:45 in the central part of the 444 
catchment, mainly at the southern part of Laguar Valley. Again, the rainfall intensity 445 
was above 100 mm h-1. The average hyetographs describes well both peaks, with 446 
intensities above 69.5 mm h-1. 447 
 448 
According to the hydrological model results, the discharge at the catchment outlet 449 
(hydraulic model inflow) started to rise at 8:30AM (12th October) and reached a peak at 450 
13:00 (515 m3 s-1). The hydrograph lag-time was established as the differenc  in time 451 
between the precipitation peaks (11:20 at Isbert and Carrasca and 11:40 at Alcalalí and 452 
Gallinera) and the peak discharge time. That provides a lag time of 1h20 – 1h40, which 453 
is typical for flash floods in similar catchments (Camaras  and Segura, 2001) and 454 
slightly higher than those estimated by Marchi et al (2010). 455 
 456 
The hydrograph lasted two days, although the largest discharges (above 100 m3 s-1) only 457 
took place during 8 hours and 40 minutes. Using the methodology detailed in Salazar et 458 
al. (2013), the peak discharge return period was estimated to be 40 years, while the 459 
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expected return period of daily rainfall was estimated to be slightly lower than 50 years. 460 
As expected, the single rainfall burst observed produced a single discharge peak. A 461 
second and smaller rainfall burst took place at 19:30 and produced a relatively reduced 462 
discharge peak (150 m3 s-1) at 21:00, repeating the 1-2 h lag time observed above.  463 
 464 
 465 
4.2. Hydraulic modeling 466 
 467 
The set of 26 hydrographs generated with the hydrological model varying the initial soil 468 
storage from 35% to 60% was used as input to the hydraulic model. The simulation 469 
results were analysed according to the post-flood survey information available and the 470 
geomorphology. Following this analysis, the hydrographs derived from the ini ial soil 471 
storage between 35 and 40 % showed a simulated flooded area smaller than the 472 
observed one and a lack of hydraulic conductivity at the palaeochannels P3 and P4 (see 473 
Figure 8). Likewise, initial soil storages higher than 45 %, produced an activation of the 474 
P7 palaeochannel (see Figure 8) that did not occur during the flood of October 2007. 475 
Thus, the hydrographs obtained with initial soil storages between 35 and 40 %, and 476 
between 46 and 50 % were dismissed.  477 
 478 
In order to select only one hydrograph that represented the flood of October 2007, the 479 
results of the hydrographs with initial soil storage between 41 and 45 % were analysed 480 
in detail by comparing the simulated and the observed maximum flooded area and flood 481 
depth (see Table 2). The comparison showed a good agreement between observed and 482 
simulated flooded area for the five hydrographs, whose FitA varied from 75.3 to 76.4 % 483 
(see Table 2). Likewise, the flood depth showed an acceptable accuracy, with a NSE 484 
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and RMSE that ranged between 0.58-0.61 and 0.64-0.69, respectively (see Table 2). All 485 
five hydrographs accurately reproduced the flooded area. However, the best 486 
compromise between flooded area and flood depth accuracy was that provided by the 487 
hydrograph generated with initial soil storage of 44 % (see Table 2 and Figure 7). Thus, 488 
according to the combination between hydrological and hydraulic modeling with post-489 
flood information it can be stated that the flash flood occurred in October 2007 at the 490 
Girona River reached a peak discharge of 515 m3 s-1. 491 
 492 
Table 2.Results of the comparison between observed and estimated maximum flood 493 
depth (NSE and RMSE) and maximum flooded area (FitA) using the hydrographs 494 
derived from the initial soil storage between 41 and 45 %.  495 
 496 
Initial soil storage (%) 41 42 43 44 45 
NSE 0.58 0.59 0.59 0.60 0.61 
RMSE 0.69 0.68 0.66 0.65 0.64 
FitA 75.61 76.13 76.39 76.14 75.28 
 497 
 498 
4.3. Floodplain geomorphologic configuration 499 
 500 
The Girona floodplain is made of a complex sequence of Quaternary alluvial deposits, 501 
developed by the Girona River and the Alberca and Portelles Ravines. Middle 502 
Pleistocene sediments are present at the inner part of the floodplain, whereas Late 503 
Pleistocene and Holocene fans are located towards the coastline. This system of 504 
overlapped prograding alluvial fans, palaeochannels and inter-fans depressions are 505 
characteristic of Valencian coastal plains and they have a d terminant influence on 506 
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flood hazard assessment (Segura, 2003). Overbank flow usually takes pl c  at the apex 507 
of alluvial fans and the flooding areas are located at palaeochannels, inter-fan 508 
depressions and tectonic depressions, as well as marshes. In the study area, several 509 
morphological units have been identified:  510 
 511 
i) Structural depression of Clot del Francés 512 
 513 
This rectangular depression, parallel to the Girona River and the Segària Mountains, has 514 
a probably tectonic origin (Figure 8). In fact, some raised and down-dropped Miocene 515 
blocks were identified in the coastal plain (Vegas et al., 1975). The depression creates a 516 
corridor which is determinant for flooding processes, because it concentrates part of the 517 
overbank flow coming from the western river bank. The Cremadella Ravine, which also 518 
flows into this corridor, forms a small torrential fan (F7) at the western side of the Clot 519 
del Francés depression (Figure 8).  520 
 521 
ii) Girona overlapped prograding fans 522 
 523 
Downstream Beniarbeig, where the river valley widens, numerous avul ion processes 524 
created a complex system of prograding alluvial fans, with different palaeochannels 525 
(Figure 8). The older fan is located at the right river bank (F1), oriented to the southeast, 526 
and it has a long palaeochannel (P1) which could have connected the Girona River with 527 
the Alberca Ravine streambed in the past (Figure 8). There ar  other two palaeochannels 528 




Immediately downstream, there is a dissymmetric fan (F2), which is well developed at 531 
the right bank, but almost unrecognizable in its left side. Thisis due to the probable 532 
subsidence of the Clot del Francés area, subsequent to fan development.  533 
 534 
At the distal area of this fan (F2), two more recent alluvial fans (F3 and F4) were 535 
constructed. The first one (F3) comes from a 90º meander, wh e the rivers twists to the 536 
East, leaving to palaeochannels to the left (P5 and P6). At this point, there is a crevasse 537 
splay, clearly marked in the micro-topography, which presents an accumulation of 538 
boulders transported by the 2007 flood. The second one (F4) lies on the right and it is 539 
flanked by another palaeochannel (P7). These fans (F3 and F4) are overlapped by 540 
another two (F5 and F6), the last one of which forms the triangular shaped protuberance 541 
of the Almadrava Cape.    542 
 543 
iii) Alberca and Portelles fans 544 
 545 
Girona River fans coalesce with deposits formed by the Portelles and Alberca ravines 546 
(Figure 8). During floods, palaeochannels can connect these system . In fact, during the 547 
event in 2007, flow from the Girona River was partially drained by the Portelles 548 
channel.  549 
 550 
The Portelles Ravine forms a small torrential fan at the foot of the Segària mountain 551 
(F8). At the connection with the Clot del Francés palaeochannel (P3), there is a wide 552 
fan, built with Girona materials, in contact with the Pgo-Oliva wetland. In its last 553 
reach, the channel almost completely vanishes, and leaves a dejection cone (F10) on this 554 




The Alberca Ravine flows attached to several Miocene hills. It has also constructed an 557 
alluvial fan (F11) in its lower reach. Due to the convexity of the fan surface, an inter-fan 558 
depression is formed between the Alberca (F11) and Girona (F2, F4), which can 559 
concentrate the overbank flow from both channels. 560 
 561 
4.4. Flooding thresholds for morphological units 562 
 563 
Hydro-geomorphological responses for different flow conditions were estimated 564 
through various simulations. Results (Table 3, Figure 9) showed a g o-chronological 565 
activation sequence for palaeochannels and alluvial fans, altered by the Clot del Francés 566 
depression (P7) and the impact of the CV-729 Bridge. 567 
 568 
Table 3. Flooding thresholds for geomorphologic units  569 
 570 
Flow (m3 s-1) Effects Fans Activation 
200 No impact on point-bars or palaeochannels. 
Overbank flow at river mouth meander, immediately 
upstream F6. 
F6 (Holocene) 
300 Point-bars flooding. 
P5 and P6 initial activation. 
F3 (Late Pleistocene) 
400 P3 (Clot del Francés) activated. 
Initial overbank flow at P4. 
Overbank flow at F5 apex over F4 distal area. 
F5 and F4(Late 
Pleistocene) 






527 P7 initial activation. F4(Late Pleistocene) 
592 - 600 P7 active. 
Overbank flow from F4 apex also flooding the inter-
fan depression. 
 
F9 (Late Pleistocene, 
Portelles Ravine) 
700 Overbank flow on the right side of CV-729 Bridge. F2 (Late Pleistocene) 
900 Overbank flow at Beniarbeig and AP7 motorway 






5. Discussion 574 
 575 
The hydrological model provided a unit peak discharge of 5.0 m3 s-1 km2. According to 576 
Gaume et al. (2009), this is a rather high unit peak discharge. For the Spanish 577 
Mediterranean, Gaume et al. (2009) found a maximum unit peak discharge of around 10 578 
m3 s-1 km2 for a 100 km2 catchment. The Girona River unit peak discharge for the 579 
October 2007 event is also within the range of peak discharge data collected by Marchi 580 
et al. (2010). The ratio of the unit peak discharge (5 m3 s-1 km-2) and the unit average 581 
discharge (0.58 m3 s-1 km-2) is 8.65. These values compares well with the extreme flash 582 
floods described by Gaume et al. (2009) and Marchi et al. (2010) for Mediterranean 583 
catchments. Given the outcomes of these studies, the October 2007 can be lassified as 584 
an extreme rainfall event whose magnitude is very close to the unit peak discharge 585 




In this study, we calculated a runoff coefficient of 31.9% (Table 1). This is similar to 588 
what found by Marchi et al. (2010). These authors analysed 25 flash floods in Europe 589 
and found that the mean value is 0.35, with standard deviation equal to 0.18, median 590 
value 0.37 and 0.20-0.45 interquartile range. However, the value found in the present 591 
study is substantially higher than the runoff coefficients found by Goodrich (1990) who 592 
analysed five large flash floods events at the semi-arid c tchment of Walnut Gulch (US) 593 
occurred within a 20-year period and found runoff coefficients betwe n 0.07 and 0.21. 594 
Segura (1990) and Camarasa and Segura (2001) in other limestone catchments of the 595 
Valencia region found that, for a 25-year time series and 35 floods, the runoff 596 
coefficients are between 0.007 and 0.16. These values, observed in karstified limestone 597 
catchments, indicate that the infiltration is relatively high, as well as the initial 598 
abstractions and the soil retention. The catchments can infiltrate a large amount of 599 
water, and when they are saturated they produce a sudden pulse of runoff (Camarasa 600 
and Segura, 2001). 601 
 602 
Simulated and observed maximum flooded area and flood depth were compared in order 603 
to adjust the hydrograph. This comparison showed the accuracy of the model predicting 604 
the maximum flooded area (see Table 3), which is a good test of model capabilities and 605 
is of a significant practical interest (Bates and De Roo, 2000). The goodness-fit 606 
indicator FitA reached 76.14 %, and is similar to that reported by González-Sanchis et 607 
al. (2012) using the same hydraulic model, which ranged from 64 to 92 %. The resulted 608 
accuracy is also comparable to other studies, such as Horritt and Bates (2001), who 609 
obtained a FitA = 0.84% using the TELEMAC-2D hydraulic model and satellite 610 
imagery data for the validation step. However, this comparison should be carefully 611 
interpreted as Horritt and Bates (2001) only simulated a steady-st te flow peak and the 612 
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satellite imagery data are less accurate than our validation data. Likewise, Tayefi et 613 
al.(2007) reported a FitA that ranged from 51 to 65 % using a 2D diffusion wave 614 
hydraulic model and surveyed wrack lines measured on the day after the flood event as 615 
a validation data. 616 
 617 
Regarding the validation of the maximum flood depth, the results howed an acceptable 618 
accuracy, although slightly lower than the one reported in other s udies. Connell et al. 619 
(2001), reported ±0.26 m Standard Error in water depth using HYDRO-2D model and 620 
resident-supplied information and photographs for the validation purpose. Erpicum et 621 
al. (2010) obtained a difference between measured and calculated w ter depth that 622 
ranged from 0.01 to 0.25 m using a 2D hydraulic model based similar to the one used in 623 
this study. Buttner et al. (2006) reported a difference between measured and calculated 624 
water depth that ranged from 0.1 to 0.40 m using the hydraulic model RMA-2. 625 
However, the lower accuracy registered in this study could be ue to the fact that none 626 
of these studies simulate the whole flooding event, but only steady-st te peak flows. 627 
González-Sanchis et al (2012) simulated five transient flooding events using the same 628 
hydraulic model and obtained a difference between measured and computed flood depth 629 
between 0.16 and 0.36 m, which is slightly lower than the one reported in this study. 630 
Thus, the lower accuracy might not only be due to the transient characteristics of the 631 
simulated flood, but also to the high complexity of the case. Unlike the cited studies, 632 
this study is highly complex in terms of simulation and validation, as the Girona River 633 
is ephemeral, ungauged, the inlet discharge was estimated from a hydrological model 634 




With regard to the flooding processes, alluvial fan system have flood-hazardous 637 
conditions due to their convex topography, which creates high flow direction 638 
uncertainty downstream the intersection point (fan apex). The determination of the 639 
active zone (area where flooding, erosion, and sedimentation are possible) of these 640 
alluvial forms is a complex task, which can be solved with the combination of 641 
hydrologic, hydraulic and geomorphologic techniques. Several authors have addressed 642 
this topic with different approaches. Santangelo et al. (2012), in the r analysis of fan 643 
systems, considered as active zone all the fan portions located down-fan of the 644 
intersection point. This is consistent with the NRC (1996) recommendations, which 645 
followed a geo-chronological criterion, considering the Holocene fas as the most active 646 
zones. 647 
 648 
Moreover, Segura (2003) showed that, in the Valencia Region coastal plains, the 649 
topographic complexity of alluvial fans structure requires a more detailed analysis, in 650 
order to discriminate between morphological units with different flood-hazard. In these 651 
contexts, the activation of palaeochannels and the presence of int r-fan depressions play 652 
a major role during flood events. During the Girona 2007 flash flood, palaeochannels 653 
conveyed an important proportion of the overbank flow, preventing other areas of the 654 
alluvial fans from flooding, as it was shown in the real event and model simulations. 655 
Besides, inter-fan depressions should be also considered as active zones, due to its 656 
capability to drain flow from both the fan distal areas and the palaeochannels, as it is 657 
shown in simulations with stream flow > 600 m3 s-1. 658 
 659 
In this work, the simulation of different flow conditions showed various thresholds for 660 
fans flooding and palaeochannels activation (Figure 9). The low r flooding thresholds 661 
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were located both at the point-bar areas and the Holocene fan (F6). Intersection points 662 
and palaeochannels located in the Late Pleistocene fans (F2, F3, F4, F5, F9 and F10) 663 
were activated in the following flow thresholds. The inactivity of the Middle 664 
Pleistocene fan and palaeochannels revealed the existence of a g o-chronological 665 
activation pattern. Only the Middle Pleistocene bajada in Be iarbeig was activated 666 
during the maximum flow simulations calculated (900 m3 s-1). 667 
 668 
This geo-chronological sequence was uniquely altered in the study area by two effects: 669 
i) the topographic anomaly generated by the tectonic depression of Clot del Frances, 670 
activating the P3 and P4 palaeochannels, and ii) the effect o  the CV-732 bridge, which 671 
artificially narrows the river section, prematurely activating the P4 palaeochannel and 672 
also causing unexpected overbank flow on the right (eastern) bank beyond the 700 m3 s-673 
1. This is actually the only case of overbank flow inconsistent with the geomorphologic 674 
expected response, being a clear consequence of anthropogenic action. 675 
 676 
In this regard, the urban use of some of these morphologies is considerably increasing 677 
flood vulnerability in the area. While the older part of urban areas (previous to 1950) 678 
were in most cases not affected by the 2007 flash flood, recent constructions occupy 679 
sensitive zones such as point-bars or palaeochannels. Moreover, the massive occupation 680 
of the coastal front blocks the flow descending to the Sea. For these reasons, the role 681 
played by the Clot del Frances palaeochannel (P3) during this flash flood and the 682 
simulated scenarios demands the preservation of this area, fre  of constructions, for 683 





6. Conclusions 687 
 688 
The analysis of the flash flood of the Girona River in 2007 has reconstructed the 689 
flooding susceptibility of this Mediterranean alluvial floodplain. From a methodological 690 
point of view, this integrated perspective appears to be a useful strategy for ungauged 691 
drainage basins. The combination of hydrologic and hydraulic modeling, and 692 
geomorphologic information allows understanding and generalizing the mechanisms 693 
governing floods in alluvial fans.  694 
 695 
The implementation of both hydrologic and hydraulic models was complex in terms of 696 
simulation and validation, as this river is ephemeral and ungauged, but results are 697 
consistent with similar works. The interaction of the hydraulic model with the 698 
geomorphologic information was determinant to decipher flooding processes and to 699 
provide a better understanding of overlapping alluvial fan systems r sponse. Results 700 
from this multidisciplinary research are a useful tool to perform risk prevention works 701 
and may be effectively used by the public administrations for early warning and risk 702 
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We identified flood activation thresholds in different geomorphic elements 
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Figure 1. Sketch of the Girona River basin. Location of the model area is indicated 
through the red polygon beside the coastline.  
Figure 2. Location of the rainfall observatories used for event reconstruction and 
hydrologic modeling.  
Figure 3. Rainfall intensity at Isbert and Gallinera observatories (a), and Guadalest 
reservoir (b) during the October 2007 event. 
Figure 4. Post-flood surveys information and final observed flooded area used for 
hydraulic model validation.  
Figure 5. Observed and simulate hydrographs at the Guadalest Reservoir for all the 
events used for model calibration and validation. 
Figure 6. Simulate hydrographs of the Girona River. The red solid line represents the 
simulated hydrograph obtained calibrating the initial soil storage based on post-flood 
information. The grey-shaded area lines represents the simulated hydrograph range 
obtained using initial soil moisture spanning from 35% to 60% of soil saturation 
capacity. 
Figure 7. Flooded area and flood depth obtained with the final simulation of the 





Figure 8. Geomorphologic map of the model area. 
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